Cystic fibrosis (CF) is characterized by a defect in cAMP-regulated chloride channels in epithelial cells. The CF gene product CF transmembrane conductance regulator (CFIR) is expressed in the apical membrane of pancreatic duct cells, and mutant CFIR accounts for the pathology in the CF pancreas. PANC 1, a pancreatic duct cell line, has not been considered a good model for studying CFIR and pancreatic chloride transport because CFTR mRNA and protein are undetectable using standard methods. Using electronic cell sizing and cell volume reduction under isotonic conditions, PANC 1 cells were found to possess both cAMP and calcium-activated chloride conductances. Using CFTR antisense oligodeoxynucleotides, the cAMP-activated conductance could be specifically inhibited in a concentration-and time-dependent manner. These findings demonstrate that PANC 1 cells express CFTR and a CFrR-independent calcium-activated chloride channel. With electronic cell sizing and CF1R antisense oligodeoxynucleotides, PANC 1 cells can provide an ideal system for the study of pancreatic duct cell physiology and pathophysiology with respect to the role of CFUR in the pancreas. These findings also suggest that antisense oligodeoxynucleotides may provide a more sensitive yet highly specific means of detecting low levels of expression of CFIR than currently available. (J. Clin Invest. 1993. 
Introduction
Cystic fibrosis (CF),' the most common lethal genetic disorder in Caucasians, is characterized by the clinical triad of chronic lung disease, pancreatic insufficiency, and elevated sweat electrolyte concentrations. Over the past decade, two important findings have changed our understanding of this disease: the recognition that apical chloride channel activation by cAMP is 1. Abbreviations used in this paper: A9C, anthracene-9-carboxylic acid; CF, cystic fibrosis; CFTR, CF transmembrane conductance regulator; Cl, chloride; DIDS, 4,4'-diisothiocyano-2,2'-stilbene disulfonic acid; dNT, deoxynucleotide; 1AA94, indanyloxyacetic acid 94. absent in tissues expressing the CF defect (1, 2) , and the identification, cloning, and sequencing ofthe CF gene (3) (4) (5) . The CF gene product CF transmembrane conductance regulator (CFTR) is a large membrane-spanning protein responsible for cAMP-activated chloride transport. Normal chloride channel activation can be restored to CF cells in vitro by transfection with genetic material expressing normal CFTR (6, 7) . Evidence to date supports the proposal that CFTR not only regulates, but is itself an epithelial chloride channel (8) (9) (10) (11) (12) .
Information regarding the expression, regulation, and function of CFTR in the different cell types affected by the disease will become crucial to devising new tissue-specific therapeutic options. Mutations in CFTR alter chloride permeability in the sweat gland and inhibit chloride channel activation by cAMP but not by calcium in respiratory epithelium (1, 2) . In the pancreas, defective pancreatic fluid ( 1 3) and chloride secretion ( 14) were clearly demonstrated in patients with CF and account for the pancreatic pathology in this disease. CFTR messenger RNA is expressed in pancreatic tissue (4), and CFTR protein has been localized to the apical membranes ofproximal pancreatic duct cells immunohistochemically (15) . Chloride channels activated by cAMP have been demonstrated in tissue ofhuman fetal and animal pancreatic duct origin (16) (17) (18) , and the CF pancreatic duct cell line CFPAC demonstrated defective cAMP-activated chloride channels (19) . Despite this, study of pancreatic chloride transport and CFTR has been limited.
The PANC 1 cell line of human pancreatic duct cell origin retains a variety of differentiated epithelial cell characteristics (20) . Even when grown on plastic, it retains a polarized cell configuration with apical microvilli, a centrally located nucleus, and apical vesicles. It expresses abundant chloride channels by patch-clamp technique (21) , but these channels were identified and characterized as outwardly rectifying anion channels, now thought not to represent CFTR (22) . The small conductance anion channel that is the current candidate for CFTR (12, 23) has not been studied. While identification of a faint band of CFTR genetic material was recently reported in PANC 1 after PCR amplification of reverse-transcribed poly(A)+ RNA (22) , CFTR protein has not been identified in these cells.
The aim of this study was to determine if PANC 1 cells possess chloride conductances, in particular, the cAMP-activated chloride conductance, CFTR. To examine chloride conductance, we used electronic cell sizing to measure changes in cell volume under isotonic conditions in response to pharmacologic stimulation. Under isotonic conditions, stimulation of the movement ofboth anion and cation out ofthe cell, with the subsequent loss of fluid, is associated with a reduction in cell volume. Inhibition ofcell volume changes by specific ion transport inhibitors can be used to identify specific ion channel acti-vation (24) . To identify CFTR, we used oligo-dNT, synthesized to correspond to a 24-base sequence in the 5' end ofthe human CFTR transcript. The complimentary or antisense sequence, when taken up by the cell, suppresses gene expression in a highly sequence-specific manner (25) . Using antisense to CFTR, investigators have recently demonstrated uptake of oligo-dNT by human sweat duct cells in primary culture and inhibition of unstimulated chloride permeability (26) . Antisense has also been used to suppress CFTR messenger RNA and protein expression in the colonic cell line T84, known to express abundant CFTR (27) .
We report both cAMP and calcium-activated chloride conductances in PANC 1 cells. These conductances are pharmacologically distinct. The presence of a calcium-activated chloride conductance in the pancreatic duct cell permits the study of therapeutic options for CF in this organ directed at this unaffected channel. The identification of a cAMP-activated chloride conductance, abolished by CFTR antisense oligodeoxynucleotide, demonstrates that PANC 1 cells express CFTR, which can be detected functionally as a cAMP-activated cell volume reduction. These data also suggest that CFTR antisense provides a far more sensitive means of detecting the low levels of expression of CFTR in some cells than currently available. PANC I cell culture. PANC 1 cells, obtained from the American Type Culture Collection (Rockville, MD), were grown on 175-cm2 plastic flasks to confluence in DME supplemented with 25 mM HCO3 and 10% FCS. Medium was replaced twice weekly. Cells were split 1/5, replated, and harvested on days 6-8 with 0.02% EDTA.
Electronic cell-sizing. Cells were resuspended in DME without HCO3, supplemented with 50 mM Hepes, and incubated for 2 30 min at 370C. Aliquots ofcell suspension were diluted to 30,000 cells/ml and examined by electronic cell-sizing as previously described (24) Both oligo-dNT coded for bases 14-37 from the transcription initiation site as originally reported (4). For antisense experiments, cells were grown on 75-cm2 flasks to confluence, and on days 6-7 after plating, cultures were washed with PBS and placed in serum-free medium. Either the antisense oligo-dNT, 5'-TTTCTCTGACCTGCTGTGAT-GTCA-3', or the sense oligo-dNT, 5'-TGACATCACAGCAGGTCA-GAGAAA-3', was added, at the concentrations described to a total volume of S ml of media, and maintained in culture in the presence of oligo-dNT for 24 h before harvesting. For experiments examining time and concentration dependence, cells were grown in 50-cm2 flasks and oligo-dNT was added to a total volume of 3 ml of media.
A second set of 21 -mer oligodeoxynucleotides sense and antisense to bases 133-153 were also synthesized and cell volume reduction in response to 8BrcAMP and A23187 was studied after 24 h incubation with the sense 5'-ATGCAGAGGTCGCCTCTGGAA-3' or antisense 5'-TTCCAGAGGCGACCTCTGCAT-3' as described above.
Results
Cyclic AMP-activated chloride conductance. Under isotonic conditions, PANC 1 cells in suspension demonstrated a mean cell volume of 2.10±0.03 pl (n = 76, mean±SEM). During 10 min of observation, cell volume relative to initial values remained stable. In the presence of the membrane-permeable analogue of cAMP, 8BrcAMP 5 X 10' M, mean cell volume decreased rapidly in a reproducible fashion (Fig. 1) . By 2 min, cell volume had decreased 5% (relative cell volume 0.95+0.01, n = 9) and at 10 min was significantly lower (relative cell volume: 0.89±0.01, n = 9, P < 0.005) than control cell volume (0.97±0.02, n = 8). The volume reduction at 10 min in response to cAMP was abolished in the presence of the chloride channel inhibitor, A9C 10-' M. This inhibition by A9C was specific. Neither the Cl/HCO3 exchange inhibitor, DIDS 10-' M, nor the Cl channel inhibitor, IAA94 2.4 X 10-4 M, had any effect. These data demonstrate the activation by cAMP of an A9C-sensitive Cl channel during cell volume reduction.
To support these findings, we loaded PANC 1 cells in suspension with 36chloride and examined loss of labeled chloride at 5 min in response to agonists and inhibitors (Table I ). The percent of 36C1 lost at 5 min was significantly increased by both forskolin, a direct activator of adenyl cyclase (P < 0.02, n = 6), and 8BrcAMP (P < 0.01, n = 8) compared to vehicle. The Cl channel blocker, A9C l0-3 M, inhibited cAMP-activated 36C1 (Table I ). The cell volume response to the calcium ionophore, A23187 10-7 M, is shown in Fig. 2 . PANC 1 cells in suspension decreased cell volume significantly at 10 min (0.90+0.02, n = 5, P < 0.01). To confirm that the effect of A23187 was caused by an influx of extracellular calcium, the response to A23187 was examined in the presence of medium containing EGTA (n = 3) and in cells incubated with 1,2-bis(2-aminophenoxy)ethane N,N,N',N'-tetracetic acid (n = 5, not shown). Both EGTA and 1,2-bis(2-aminophenoxy)ethane N,N,N',N'-tetracetic acid treatment of cells abolished the cell volume response to A23187. In contrast to the effect of cAMP on cell volume, calcium-activated volume reduction in PANC 1 cells was abolished by the Cl channel inhibitor, IAA94. DIDS had no effect on calcium-activated volume reduction. At 5 and 10 min, relative cell volume was 0.93±0.04 and 0.88±0.02, respectively (mean±SE, n = 5). A9C had some inhibitory effect on the volume response to A23187 but it was incomplete. At Time (min) Figure 2 . Relative cell volume in response to calcium. In response to the calcium ionophore, A23187 (10-7 M), relative cell volume decreased significantly at 10 min (P < 0.01, n = 5). This effect was inhibited in the presence of EGTA 0.1 mM (n = 3), demonstrating that calcium was responsible for the volume reduction. Unlike the response to cAMP, calcium-activated volume reduction was inhibited by the chloride channel blocker. IAA94 (n = 4). CFTR expression in PANC 1. To determine if the cAMPactivated Cl conductance was caused by CFTR, we examined the effect of 8BrcAMP on PANC 1 cells maintained in culture 24 h in the presence ofCFTR antisense oligo dNT. Fig. 3 examines the effect of incubation with varying concentrations of antisense on cAMP-activated volume reduction. In response to 0.5 MM antisense, PANC 1 cells maintained an intact volume reduction response to 8BrcAMP. As the concentration of antisense preincubation increased, the volume response to 8BrcAMP became increasingly attenuated. Cells preincubated with more than 1 MM antisense no longer responded to 8BrcAMP. In contrast, cells incubated with sense oligo-dNT continued to demonstrate a significant volume reduction in response to cAMP. Fig. 4 demonstrates the specificity of the CFTR antisense inhibition for cAMP-activated volume reduction. Cells were incubated for varying times with 2 ,uM antisense. In Fig. 4 A, volume reduction is examined in response to 8BrcAMP; in Fig.  4 B, volume reduction is examined in response to the calcium ionophore, A23187. Antisense had no effect on volume reduction in response to calcium. Even after 24 h of 2,uM antisense, A23187 caused a significant volume reduction over 10 min. In contrast, the volume response to 8BrcAMP became increasingly attenuated as the time of antisense incubation increased. 10 We examined the volume response of PANC 1 cells to 8BrcAMP and A23187 after 24 h incubation with a second pair of oligodeoxynucleotides sense and antisense to a different region of the CFTR gene transcript. We found that 1.25 gM antisense abolished the response to cAMP (0.98±0.006 at 10 min) but not the response to A23187 (0.91±0.003, n = 3). Sense oligodeoxynucleotide had no effect (8BrcAMP: 0.9 1±0.003; A23187: 0.92±0.006, n = 3).
Discussion
We have demonstrated that PANC 1 cells in suspension lose volume in response to either cAMP or calcium because ofactivation of potassium and chloride channels. At least two chloride channels in PANC 1 cells can be distinguished pharmacologically by their different sensitivities to chloride channel inhibitors and to CFTR antisense oligodeoxynucleotides. Patch clamp studies in respiratory (28, 29) and colonic (30) epithelia have demonstrated at least two distinct chloride channels responsible for regulated secretion. CFTR is responsible for cAMP but not calcium-activated chloride conductance (2) , and the latter remains intact in patients with cystic fibrosis. Our findings demonstrate that the pancreatic duct cell, like respiratory and colonic epithelial cells, also possesses a calcium-activated chloride conductance whose function may, therefore, be amenable to therapeutic augmentation in an effort to compensate for defective CFTR function.
Our use of electronic cell sizing to measure cell volume reduction under isotonic conditions is supported by previous work on ion transport in both symmetrical and, more recently in polar epithelial cells (31) . We demonstrated that cell volume reduction in PANC 1 cells was abolished by inhibitors ofeither potassium or chloride conductance, identifying these ions as involved in pancreatic cell volume reduction and presumably fluid secretion. While patch-clamp studies distinguished the two chloride conductances by their biophysical differences in current voltage relation, anion selectivity, and time dependence, our cell volume studies were able to differentiate them pharmacologically by their different sensitivities to channel inhibitors and to CFTR antisense oligodeoxynucleotides. Consistent with the observations made by patch-clamp studies on the small conductance anion channel of pancreatic duct cells (16, 18) , cAMP-activated chloride loss was not sensitive to the stilbene anion exchanger, DIDS. Coupled with an experimental design using antisense transcripts, cell sizing provides an alternative technique to patch-clamp studies that is direct, sensitive, and specific for the identification and further examination of these pathways.
The study ofpancreatic duct cell physiology and pathophysiology with respect to CFTR has to date relied on the ability to examine the small conductance chloride channel by patch clamping in at least two model systems: growth of primary pancreatic duct cell cultures from fetal tissue (16) and the CF pancreatic adenocarcinoma cell line, CFPAC (19) . We have presented evidence that PANC 1 cells express CFTR and can be transformed to a "CF" phenotype using antisense oligodeoxynucleotides. These cells may, therefore provide a useful model for studying the physiology of CF pancreatic duct cells as well.
